We present the results of the measurement of complex dielectric permittivity, in the microwave frequency region, on glass reinforced polybutylene terephthalate (PBT) with blue inorganic pigments. The cavity resonant method had been used in order to measure the shift in the resonant frequency of the cavity, caused by the insertion of a sample, which can be related to the real part of the complex permittivity. Also, the quality factor of the cavity decreases with the insertion of a sample. The changes in the inverse of this quality factor give the imaginary part. In order to predict the dielectric behavior of this composite, we had developed a program of numerical simulation to calculate the complex permittivity of the inclusion. By using some of dielectric mixture laws (Maxwell-Wagner-Sillars, Hanai, Looyenga, inverse and direct Wiener, and Bruggemann), we can predict the dielectric behavior of the composite in a large range of volume fraction of inclusions.
Introduction
Ultramarine blue is a nonhazardous pigment with a lot of variety of industrial applications. Its manufacturing process and possibility for close control over its physical, chemical, and particular color characteristics enable the production of several types of this blue pigment, which are readily accepted by polymers, printing ink, paint, cosmetic, and many other industries, due to advantages over other organic pigments.
The electrical conductivity of an insulating polymer, such as polybutylene terephtalate (PBT), can be altered by adding different conducting particles, like carbon [1] [2] [3] , iron [4] , nickel [5] , or another conducting polymer [6] [7] [8] . The conductivity of the composite material can thus be controlled by properly choosing the components, their shape, and their relative volume fractions.
Small quantities of conducting particles can increase the dielectric constant, without exceeding the critical concentration of percolation [9] , that is, avoiding high conductivity. If electrical losses become high, heating of the plastic will occur, resulting in melting or even carbonization.
For high frequencies, as in the microwave range, interfacial polarization mechanisms are not present, because such polarization occurs at frequencies lower than the times scales typical of dipolar polarizations [10] .
In order to predict the electrical properties of the composite, different mixture laws can be used. Numerical simulations of mixtures can lead not only to a better understanding of the physics of dielectrics but also to improvement of designing of tailored materials without going to expensive attempts.
Numerous authors have studied the dielectric behavior of nonhomogeneous materials [11] [12] [13] , and several theories can be applied, depending on the difference of the electrical properties of the host and the inclusion materials [14, 15] .
Experimental
The blue inorganic pigment, with chemical formula Na 6 Al 6 Si 6 O 24 S 4 , in the form of powder with mean particle size 3.8 μm, was obtained from Kremer Pigments Inc., USA. Glass fibers of 10 to 20 μm reinforced the polybutylene terephthalate matrix, which was purchased from DuPont, The resonant cavity method was used to calculate the complex permittivity [16, 17] , ε * = ε − iε . Two different rectangular cavities were used, operating in TE 3,5,5 and TE 0,1,11 modes, and resonant frequencies of 2.7 and 5 GHz, respectively. In this technique, we measured the shift in the cavity resonant frequency, Δ f , caused by the insertion of the sample inside the cavity, which can be related to the real part of the complex permittivity, ε , and the change in the inverse of the quality factor of the cavity, Δ(1/Q), which is related with the imaginary part, ε . The relations are simple when we consider only the first-order perturbation in the electric field caused by the sample [18] ,
where f 0 is the resonance frequency of the cavity, ε * the complex permittivity of the material, and E i and E 0 the electric fields inside and outside the material. The integration is made in the volume of the sample, V s , and in the volume of the cavity, V .
Splitting the real and imaginary parts, we can obtain the expressions for ε and ε ,
where K is a constant related to the depolarization factor, which depends upon the geometric parameters. In fact, this factor introduces the effect of the shape and dimensions of the sample in the electromagnetic field perturbation. Maxwell equations and the boundary conditions were used to deduce the previous equations [19] , taking into account the depolarization field, which appears outside the dielectric. To calculate the factor K, we used a sample of known dielectric constant of polytetrafluorethylene (PTFE) (ε = 2.1 at microwave frequencies), with the same size and shape of the studied samples. In order to couple the microwave to the cavity, we used the quarter-wavelength flange joints and small circular irises (10 mm in diameter).
For the measurements, we used an HP 8753D Network Analyzer with the excitation power of 1 mW. All the measurements were carried out at constant temperature. The measured transmissions are the S 12 parameters that quantify how the microwave energy propagates through a multiport network. The subscripts "12" refers to the ratio of signal from port 1 (input) to port 2 (output).
The samples, ultramarine blue pigments, in concentrations up to 4% in a glass reinforced polybutylene terephtalate matrix, were introduced into the cavity through circular holes milled in the centre of the cavity. There, the electric field is in its strongest value and the insertion of the samples causes the maximal frequency shift. That is, a coupling between the samples and the electric field is produced in this region [19] , resulting in a small perturbation of that field. The interest lies in the cases in which the samples are homogeneous and thier volumes are very small compared with the volume of the cavity. Figure 1 shows the electric field distribution in the 5 GHz cavity, without and with a sample, in a simulation made using the COMSOL software. The changes in the electric field in the center of the cavity, due to by the insertion of a sample in this region, are clearly visible, when comparing Figures 1(a) and 1(b) .
Results
To study the linearity of the cavity, and consequently to infer the possibility to use the small perturbation theory [19] , we carried out measurements using glass microtubes filled with distilled water. In Figures 2 and 3 we present, as an example, Δ f / f 0 and Δ(1/Q) for the different volume of distilled water (5 GHz resonant cavity), and the linear fit parameters that confirm the possibility of using (2) .
The shift in the resonant frequency of the cavity remains in the linear regime for measurements up to 27 μL of water, which corresponds to Δ f / f 0 of 0.56%. The linearity in the inverse of the quality factor is observed up 36 μL that is up to 5.7 × 10 −3 . The conjugation of both conditions permits us to conclude that the cavity can be used up to variations of Δ f / f 0 of 0.56% and Δ(1/Q) of about 4.2 × 10 −3 . If the measurements overcome this limit, the sample volume should be reduced until the results falls into the linear regime [20] .
In Figure 4 we show the transmissions of the 5 GHz cavity, for the empty and loaded cavity with samples of different concentrations of blue pigments. The most perturbating sample was referred to that with highest concentration of blue inorganic pigments, corresponding to the highest complex permittivity. This means that the real and imaginary parts of the complex permittivity of the filler has considerable values.
Discussion
A very common mixture law was proposed by Hanai [21] . If the filler particles, with a complex permittivity ε * f (ω) and volume fraction ϕ f are dispersed in a matrix material with complex permittivity ε * m (ω) and volume fraction ϕ m , then, according to this theory,
Another theory, developed by Maxwell-Wagner-Sillars predicts the polarization process due to differences in conductivity and permittivity of the constituents [22] . The complex permittivity of the mixture can be calculated from
in which n, with 0 ≤ n ≤ 1, is the shape factor of the dispersed particles in the direction of the electrical field lines. For spherical particles, n = 1/3 [23] . The Bruggeman effective medium theory has the virtue of simplicity. It can be used with the assumption that the inclusions do not interact each other and that are randomly distributed in the matrix [24] . In the most commonly used form, that is, the implicit form,
where, for spherical particles embedded in a host matrix, A = 2. This law predicts a percolation threshold of conduction for ϕ f = 1/(A + 3). Looyenga introduced a new mixture formula [25] , usually known as generalized Looyenga law,
where for spherical inclusions t = 3. For t = ±1, we arrive to the Wiener laws (direct and inverse) [15] . Table 1 summarizes the obtained results for the fit of the data with the four previous laws. The values for the real and imaginary parts of the complex permittivity of the charge are indicative that generalized Looyenga model is more accurate, which is confirmed by the obtained values of the standard deviation χ 2 . Figure 5 shows the measured real and imaginary parts of the complex permittivity for different concentrations of the blue inorganic pigment, at 2.7 GHz, and the fit with the different mixture laws, confirming the good accuracy in the fit using generalized Looeynga. Similar results, from the point of view of quality of the fit, are obtained for the 5 GHz measurements frequency.
For these small quantities of blue inorganic particles, the percolation threshold is not observed and the composite is maintained as an insulator.
Finally, the small polarity present in PBT explains the measured complex permittivity. The obtained values make this material a good choice for applications in telecommunications products. The higher ε permits to reduce the dimensions of the rods in dielectric antennas. In espite of the higher ε , the values are still quite low, avoiding the heating of the material.
Conclusions
The cavity perturbation method presents a good accuracy to evaluate the dielectric permittivity of low loss materials. The dielectric function of two phase materials can be accurately deduced using the generalized Looyenga model, in particular when the inclusion is conductive, and in low filler volume fractions. In this case, the percolation critical concentration is not reached.
With this law, we can choose the adequate doping concentrations, and then to control the electrical properties, in order to obtain the desired behavior, for a particular application.
